Ways to minimize the footprint of electro-optical modulators are discussed. We first review state-of-the art silicon modulators and then examine novel plasmonic modulator concepts that show promise to enable ultrafast switching with devices in the micron-scale range.
INTRODUCTION
Large numbers of ultra-fast optical modulators will be needed in next generation Terabit/s networks and interconnects. While clever frequency comb schemes in combination with multicarrier transmission can keep the numbers of lasers low, multiple modulators are still needed [1] . Even worse, to encode multi-level coding schemes multiple of nested Mach-Zehnder interferometer configurations are needed. To keep Terabit/s systems with hundreds of multi-level coded schemes practical it is therefore necessary to reduce the footprint and the power-consumption of such modulators.
With the introduction of CMOS-compatible silicon-based modulators a first step towards a miniaturization to the millimetre range has been taken [2] [3] . Further, it has been shown, that Si-modulator footprint can be further decreased by using slow-light [4] [5] or resonant [7] configurations instead. This way, modulators dimensions may be as small as 10 to 100 μm. More recently, plasmonic concepts have been introduced. Plasmonic modulators might have footprints in the order of 1 μm 2 . Very recently, a waveguide-integrated electroabsorption modulator for the wavelength range 1.35…1.6 µm, based on monolayer graphene with an active device area of 25 µm 2 , showed modulation capabilities at frequencies over 1 GHz [8] . While theoretical predictions forecast ultra-fast switching with reasonably small switching voltages, the big challenges are plasmonic losses.
In this review we will first present state-of the art of modulators and silicon modulators in particular and then focus on plasmonic modulators with an emphasis on surface plasmon polariton absorption modulators (SPPAM).
Plasmonic Modulators
Plasmonic modulation has been researched for quite a while in optics. At first the structures have been large and devised for macroscopic concepts. As time went on, new and more compact concepts were introduced [9] . A nice example is the so-called PlasMOStor device. It exploits the carrier-induced refractive index change in a silicon layer [10] . While such a concept is attractive, its speed is limited by the electron mobility in the 170 nm thick active silicon layer. Alternatively, since the early 1980s, various approaches have been proposed for SPP modulation employing the linear electro-optic effect, e.g. in a polymer sandwiched between two metallic patches [11] - [17] . The feasibility of these concepts is still to be investigated, though.
Recently, a new modulation technique has been reported by our group [18] [19] and independently by Feigenbaum et al. [20] . The technique relies on carrier modulation in a metal-oxide layer guiding a SPP. The approach of Feigenbaum et al. exploits the phase modulation of SPP in the visible wavelength range by a voltage-induced modulation of the carrier density in a bulk ITO layer. The group has reported ellipsometry measurements in the wavelength range 500 nm…800 nm that show significant changes of the voltage-dependent refractive index in bulk ITO layers that are transparent at these wavelengths. In contrast, our approach is based on a change of the absorption experienced by an SPP at 1.55 μm telecommunication wavelength. The absorption change is again caused by a voltage-induced carrier density modulation in ITO. We will subsequently introduce our approach [19] in more detail. It's main advantage is that it's speed is potentially only limited by RC-device constants, and that it also works around 1500 nm at telecommunications wavelengths.
Before going into the details of the surface plasmon polariton (SPP) absorption modulator it should be emphasized, that QAM-constellation configurations can not only be obtained by nesting Mach-Zehnder interferometer but as well by nesting absorption modulators. A nice example of a 16QAM absorption modulator has been given in Ref. [21] . In this concept one drives, e.g., four electro-absorption modulators (EAM) individually. Under a bias voltage they are either opaque or transparent. If they are transparent, each EAM contributes to the total phasor with a particular phase and amplitude. If properly chosen, any combination of a 16-QAM constellation can be addressed [21] .
The configuration of the suggested SPPAM is given in Figure 1 , see Ref. [19] . It comprises a silicon strip waveguide on a buried silicon-oxide layer. The central plasmonic section consists of a dielectric layer and a thin metal-oxide layer sandwiched between highly conductive metal layers. The metal layers serve as SPP waveguides and as electrodes for applying an electric field across the dielectric. The operation principle of the modulator is as follows. An optical quasi-TM mode featuring a dominant vertical electric field component is excited in the silicon strip waveguide (Figure 1, blue blocks) . The light is subsequently coupled to the plasmonic waveguide, see the electric field magnitudes in Figure 1 insets (a)-(c) . Applying an electric field changes the free carrier density in the intermediate metal-oxide layer, thereby changing its complex permittivity. As a consequence, the absorption experienced by the SPP is decreased. After propagating through the active plasmonic section of length L (e.g., 1 µm), the plasmonic mode couples back to the photonic mode inside the output coupling zone. As an overall result, the applied electric field modulates the output power. [19] .
